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Abstract 

The decay of the standard model Higgs boson into a single photon and a vector unparticle 
through a one-loop process is studied. For an intermediate mass Higgs boson, this single photon 
plus unparticle mode can have a branching ratio comparable with the two-photon discovery mode. 
The emitted photon has a continuous energy spectrum encoding the nature of the recoil unparticle. 
It can be measured in precision studies of the Higgs boson after its discovery. 

PACS numbers: 14.80.-j, 12.38.Qk, 12.90.+b, 13.40.Em 
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I. INTRODUCTION 



The electroweak-symmetry breaking of the standard model (SM) in particle physics that 
provides masses to its particle contents will soon be tested at the CERN Large Hadron 
Collider (LHC), which is scheduled to be online in later part of the year 2008. The simplest 
version of the electroweak-symmetry breaking consists of an elementary scalar boson known 
as the Higgs boson H. On the theoretical side, the best fit value of electroweak precision 
data for the Higgs boson mass is tuh = 89^28 GeV with a 95% CL upper limit of m# < 144 
GeV [1], while the direct searches at LEP puts a lower limit on uih > 114.5 GeV [2]. For an 
intermediate-mass Higgs boson in the mass range of 115 — 140 GeV, the best hope to search 

n 

for it at the LHC is the two-photon mode |3| even though the branching ratio for the two- 
photon decay mode is only 10~ 3 . The Higgs boson will manifest as a sharp peak standing 
above the continuum background in the diphoton invariant mass spectrum. The position of 
the peak indicates the mass of the Higgs boson. In the rest frame of the Higgs boson, the 
energy of the photon will be exactly one half of the Higgs boson mass. Another rare decay 
mode of the Higgs boson into a single photon 7 and the massive neutral gauge boson Z of 
the SM has a branching ratio of order 10~ 3 , in which the photon is also mono-energetic in 
the rest frame of the Higgs boson. 

In this work, we point out a possible rare decay mode of the Higgs boson in the scheme 
of unparticle proposed in 4j. The Higgs boson can decay into a single photon plus a vector 
unparticle U. The salient feature of this decay mode is that the photon energy has a 
continuous spectrum in the rest frame of the Higgs boson, in contrast to H — > 77 and 7Z. 
Therefore, by measuring the photon energy spectrum in the Higgs boson decay, one can 
discriminate the presence of the unparticle or not. Note that we cannot use H — > / yU for the 
discovery of the Higgs boson, because of the missing energy carried away by the unparticle. 
Therefore, the decay mode that we propose in this work will be in the precision studies of 
the Higgs boson decay. Perhaps, it can be done at the future International Linear Collider. 

The notion of unparticle was introduced in [4] to describe a possible scale-invariant hidden 
sector that possesses an infrared fixed point at a higher scale A w presumably above the Fermi 
scale. Such a hidden sector is assumed interacting with the visible SM sector weakly enough 
to be describable by an effective field theory governed by non-renormalizable operators 
suppressed by inverse powers of Ay. Phenomeno logical implications of unparticle have since 
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been studied by many authors 
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more conceptual aspects of unparticle were explored by others 
to the exact scale invariance, unparticle does not behave like ordinary particles. It has a 
continuous spectral density and behaves like a collection of du massless particles, where du 
is the scaling dimension of the unparticle operator Ou- Thus unparticle does not have a 
definite mass and is just like the massless photon that it has no rest frame. This implies that 
a real unparticle is stable and cannot decay. Direct signals of unparticle can nevertheless be 
detected in the missing energy and momentum distribution carried away by the unparticle 
once it was produced in a process |4|, while virtual unparticle effect can be probed via its 
interference with the SM amplitudes 0, E]. Thus, even in the case of 2-body decay like 
H — > '-/U, the energy spectrum of the photon is no longer a delta function peaked at m#/2 
but rather a continuous one spreading from zero to m^/2. 

One more remark before we come to the details of the calculation is that H — > 7 W is 
a one-loop process, in analogous to H — > 7Z, but with only SM fermions flowing in the 
loop. The major contribution comes from the top-quark loop. The vector coupling of the 
top quark to the unparticle can be parameterized by (X\/A u u ~ 1 )i'~f tl t Oy. As long as the 
coupling is flavor dependent, the constraint coming from the top quark physics 1 is rather 
loose, even though the constraints for other fermions (e.g. electron) are very stringent (]]. 
Therefore, we are allowed to use A' ~ 1 and Au ~ 1 TeV for the top quark without upsetting 
existing constraints. 



II. UNPARTICLE CALCULATION 

The interaction of a vector unparticle U with a standard model fermion / is given by 

0,3 



'u 



(1) 



u 



1 We note that strong constraints for flavor independent couplings between SM fermions and unparticle 
operators have been obtained in 33| using the tt production cross section from the Tevatron. 



3 



where A^ and A/ are the unknown vector and axial vector couplings. The process H — > 
can be induced at one-loop level with the standard model fermions circling the loop. The 
most dominant contribution comes from the top-quark loop. We note that the W boson loop 
that contributes significantly in the two-photon mode does not contribute in the unparticle 
case. The Lorentz-invariant decay amplitude M. for H — > j(k) + U(Pu) is dictated by gauge 
invariance of electromagnetism and can be written as 



M = e*(k,X)e:(P u ,X')M 



with 



M 



(P»k v -sTP u -k)A 



(2) 



(3) 



The loop-induced amplitude A can be extracted from previous HjZ calculations 
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76] by the following substitutions 
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Tf -Q f sin 2 d u 
cos ft,,, \2 J 



m| 



Pi ■ 



(4) 
(5) 



As in the H'yZ case, the axial vector coupling A'/ does not contribute to A as it is forbidden 
by charge conjugation. Thus 

a 



A 



At 



where 
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j2 N i 

f 



(6) 



(7) 



sin 9 W 

with Xf = &m 2 f/m 2 H , yj = Amj/P^ and rrif is a fermion mass. The loop functions I(x,y) 
and J(x, y) are given by 

xy 



I(x,y) 
J (x,y) 
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FIG. 1: Normalized photon energy spectrum for different values of djj = 1.001, 1.1, 1.2, 1.3, 1.5 
and 2. 

The energy distribution of the emitted photon for this process can be easily derived as 



■y / p2\ d u~^ 



u V l uJ 



(12) 

with = m 2 H — 2rriHE^ and E 1 lies in the range [0, m#/2]. y4d M is the normalization for 
the unparticle phase space Q] 

16vrf r (d w + |) 



A, 



u ' (2n) 2d »r(d u -l)T(2d u ) 



(13) 



III. RESULTS 



In Fig. [T], we plot the normalized energy spectrum of the emitted photon from H —>■ 
for various values of the scaling dimension du = 1.001, 1.1, 1.2, 1.3, 1.5 and 2 with a Higgs 
boson mass of 140 GeV. As the scaling dimension approaches unity, the distribution becomes 
a delta function peaked at one half of the Higgs boson mass. As du moves away from unity, 
the energy spectrum begins to flatten out gradually. For simplicity, we have only included 
the top quark in the loop, because it is the most dominant and the size of the coupling that 
we used is consistent with the top quark physics. Even if we include all SM fermions in the 
loop, there is hardly any visible change to the figure. 
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FIG. 2: Branching ratio T (H — > 7Z//) /r (.ff — > 77) for different values of du = 
1.001, 1.1, 1.2, 1.3, 1.5 and 2. 

In Fig. [2, we compare the decay rate of the single photon mode H — > 7W with that of 
the two-photon mode if — > 77. One can see that for dy = 1.1 and 50 GeV < m# < 100 
GeV, both modes can have the same branching ratio. 

In Fig. [31 the branching ratios of various Higgs boson decay modes are plotted as a 
function of the Higgs boson mass including the process that we study in this paper. We have 
used the running masses for all the fermions to account for the QCD radiative corrections 
as well as the off-shell decay formulae in the WW, ZZ and ti modes. It is clear from the 
figure that the 7W mode is comparable to the 77 mode and larger than the 7Z mode for all 
the Higgs boson mass range up to 130 GeV. 

In summary, we have studied the Higgs boson decay mode into a single photon plus a 
vector unparticle. This mode can be used to probe the hidden unparticle sector since the 
emitted energy of the single photon is encoded with the information of missing energy of 
the recoil unparticle. This mode is particularly useful for an intermediate mass Higgs boson 
since it may have comparable branching ratio with the two-photon discovery mode of the 
Higgs boson decay. Finally, it should be of interest to extend the present study to the case 
of the tensor unparticle operator as well as the HZU vertex. 
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FIG. 3: Branching ratios of various decay modes of the Higgs boson versus the mass of the Higgs 
boson for A* = 1, = 1 TeV and du = Li- 
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